Bacillus subtilis forms long chains of cells during growth and biofilm formation. Cell separation is mediated by autolysins, whose genes are under the negative control of a heteromeric complex composed of the proteins SinR and SlrR. Formation of the SinR•SlrR complex is governed by a self-reinforcing, double-negative feedback loop in which SinR represses the gene for SlrR and SlrR, by forming the SinR•SlrR complex, titrates SinR and prevents it from repressing slrR. The loop is a bistable switch and exists in a SlrR LOW state in which autolysin genes are on, and a SlrR HIGH state in which autolysin genes are repressed by SinR•SlrR. Cells in the SlrR LOW state are driven into the SlrR HIGH state by SinI, an antirepressor that binds to and inhibits SinR. However, the mechanism by which cells in the SlrR HIGH state revert back to the SlrR LOW state is unknown. We report that SlrR is proteolytically unstable and present evidence that self-cleavage via a LexA-like autopeptidase and ClpC contribute to its degradation. Cells producing a selfcleavage-resistant mutant of SlrR exhibited more persistent chaining during growth and yielded biofilms with enhanced structural complexity. We propose that degradation of SlrR allows cells to switch from the SlrR HIGH to the SlrR LOW state.
Introduction
Biofilms are structured, multicellular aggregates of microorganisms in which cells adhere to each other and are encased in a self-produced extracellular matrix (Aguilar et al., 2007 , Stoodley et al., 2002 . It is generally believed that biofilm is the predominant form in nature for most bacterial species (Kolter & Greenberg, 2006) . Biofilms of the gram-positive soil bacterium Bacillus subtilis consist of long, bundles of parallel chains of cells held together by an extracellular matrix (Branda et al., 2001 , Lemon et al., 2008 , an observation that was described as early as 1877 by Cohn (Cohn, 1877) .
In earlier work, we showed that chaining and the production of the extracellular matrix are controlled by the same regulatory circuitry (Chai et al., 2010) . At the heart of the circuit is a self-reinforcing genetic switch composed of the homologous proteins SinR and SlrR (Fig.  1A) . SinR is a master regulator for biofilm formation . It directly represses the matrix operons, epsA-O, a 15-gene operon that governs exopolysaccharide production , and yqxM-sipW-tasA, a three-gene operon that governs the production of amyloid-like fibers that bind cells in the biofilm together . SinR also represses the gene for another regulatory protein SlrR , which is central to the present investigation. SlrR is a hybrid protein in that its amino terminal domain resembles SinR whereas the carboxyl terminal domain resembles a protein called SinI that we introduce below . We previously showed that SlrR has two functions (Chai et al., 2010) . First, SlrR is an antirepressor of SinR. It binds to SinR to create a SinR•SlrR heterocomplex, thereby preventing SinR from repressing the matrix genes as well as slrR. Second, the SinR•SlrR complex (but neither SlrR nor SinR alone) represses genes for cell separation and motility, thereby promoting the formation of long chains of cells. In other words, SlrR re-purposes SinR from repressing one set of genes (matrix genes) to repressing a different set of genes (genes for cell separation) at the early stage of biofilm formation (Fig. 1A) .
Because SinR represses slrR and because SlrR inhibits SinR (by titrating SinR through the formation of the SinR•SlrR complex), SinR, SlrR, and slrR constitute a self-reinforcing double negative feedback loop. The loop exists in alternative SlrR HIGH and SlrR LOW states. In the SlrR LOW state, SinR is free to repress matrix genes and cells mainly exhibit a freeliving life style. In the SlrR HIGH state, matrix genes are derepressed and genes for cell separation and motility are repressed. The switch from the SlrR LOW to the SlrR HIGH state is driven by the above mentioned SinI protein. SinI is an antirepressor that binds to SinR to block its ability to repress gene expression (Bai et al., 1993 , Lewis et al., 1996 .
B. subtilis also forms chains during growth in liquid culture. Exponential phase cells consist of a bimodal mixture of individual motile cells and chains of sessile cells, the relative proportion of which is determined by the allelic state of swrA, a regulator of σ D activity . In dispersed populations growing in liquid culture, the switch from the SlrR LOW to the SlrR HIGH state is believed to occur by a noise-driven, stochastic mechanism. The sinI gene is expressed at only low levels in such cells, but noise in the expression of sinI could be the basis or contribute to the switch . During biofilm formation, in contrast, the switch is deterministic in that sinI is expressed at a high level under the direction of the activator protein Spo0A~P in response to environmental signals , Fujita et al., 2005 , Shafikhani et al., 2002 .
Late in the life cycle of the biofilm, cells return to a planktonic state in which matrix production is curtailed and cell separation resumes. This implies that at late stages of multicellularity the cells switch from a SlrR HIGH to a SlrR LOW state. But how the cells switch back to a SlrR LOW state is unknown. Here we provide evidence that SlrR is unstable and that part of this instability is due to autoinactivation. SlrR is a member of the LexA family repressors and is subject to autocleavage. We also show that SlrR is degraded in a manner that depends on the ClpCP protease. We propose that depletion of SlrR by proteolysis allows cells in a multicellular community to resume a free-living life style.
Results

SlrR levels sharply decrease at late stages of pellicle formation
When liquid cultures of B. subtilis are left standing the cells assemble into a floating biofilm known as pellicle. Pellicles have a limited life span, forming over the course of several days and then disassembling. As seen in Fig. 2A , pellicle formation reached a peak of maturation (structural complexity) by 72 to 84 hours and then began to disassemble. Likewise, the extent of cell chaining decreased markedly after 84 hours, and by 96 to 108 hours few chains could be seen (Fig. 2B ). This breakdown in chaining could not be attributed to sporulation because a mutant blocked in spore formation (a mutant lacking the sporulation transcription factor σ F ) also reverted to single cells at late times in the biofilm life cycle (Fig. S1 ).
Because SlrR is responsible for locking matrix gene expression into the ON state and repressing autolysin genes (Chai et al., 2010) , we wondered whether pellicle disassembly could be due to loss of SlrR at late stages of biofilm formation. To investigate this possibility, we carried out immunoblot analyses to visualize changes in the levels of SinR and SlrR during the course of pellicle formation. Because the N-terminal domain of SlrR is homologous to SinR , we were able to use antibodies that had been raised against SinR to detect both proteins, relying on their size difference (~16.5 kDa for SlrR versus ~12.1 kDa for SinR) to distinguish one from the other. As an internal reference to a non-biofilm related protein, we also visualized σ A (SigA) using anti-σ A antibodies. The results showed that SinR levels rose somewhat over the first 60 hours of pellicle formation and then remained relatively constant (Fig. 1B) . The levels of σ A were also relatively constant over the course of the experiment, though somewhat higher during the first 60 hours than at later times. As expected, SlrR levels were initially low, and then rose sharply during the first 60 hours (Fig. 1B) . These results are in keeping with the idea that SinR is produced constitutively whereas SlrR synthesis is triggered by relief of SinR-mediated repression of slrR . Importantly, SlrR levels dropped markedly by 96 hours, decreasing to a very low level by 108 hour s ( Fig. 1B ) and below detection by 120 hours (Fig. S2 ). As presented quantitatively in Fig. 1C , the decrease in SlrR levels at late times was substantially greater than that for SinR. In sum, these results are consistent with the idea that the accumulation of SlrR to high levels drives matrix production and cell chaining and that the depletion of SlrR at late stages restores SinR-mediated repression of matrix operons and triggers derepression of autolysin genes.
SlrR is unstable
The simplest interpretation of the results presented so far is that SlrR is an unstable protein.
To investigate this possibility, we grew cells in biofilm-inducing medium in shaking culture. Under such conditions, we observed a similar biphasic rise and fall in SlrR levels (data not shown) as that seen during pellicle formation in standing culture. Next, we grew cells in shaking culture to stationary phase and measured the levels of SlrR at various times after the addition of chloramphenicol to block protein synthesis. The results ( Fig. 1D) show that the amount of SlrR steadily decreased and almost disappeared by 3 hours. We estimate an apparent half-life of 100 min ( Fig. 1E ). For comparison, SinR levels did not change over the same time period ( Fig. 1D ). Thus, SlrR is unstable as compared to SinR.
SlrR undergoes autocleavage
SlrR is a hybrid protein . Its amino-terminal domain strongly resembles the repressor SinR, whereas its carboxyl-terminal domain resembles SinI, the anti-repressor of SinR ( Fig. 3) . Interestingly, the region between the SinR-like and the SinIlike domains contains a four amino acid sequence ( 87 VQAG 90 ) (vertical arrows in Fig. 3 ) that matches a motif (VNAG) found in members of the LexA family of repressors. LexAtype repressors are known to undergo autocleavage upon receiving certain signals (Butala et al., 2009 , Little, 1984 , Little, 1993 . Members of this family of repressors are glycine autopeptidases, and the conserved "VNAG" motif is the site of cleavage ( Fig. 3) (Butala et al., 2009) . Other than the autocleavage motif, LexA family members exhibit limited overall sequence similarity to each other. They are, however, highly similar in the three-dimensional structure of their helix-turn-helix, DNA-binding domains. Indeed, the DNA-binding domain of SinR (and presumably the SinR-like domain of SlrR) is strikingly similar in threedimensional structure to the helix-turn-helix domain of the phage lambda C I repressor, a LexA-family member (Lewis et al., 1998) .
In light of these considerations, we hypothesized that SlrR also undergoes autocleavage. A candidate for a fragment that could arise from autocleavage of SlrR was observed when we carried out immunoblot analysis using a strain that lacked sinR. Anti-SinR antibodies revealed a cross-reacting species of ~10 kDa. It was necessary to use a mutant lacking SinR because the newly identified species was only slightly smaller than, and could not otherwise be distinguished from, SinR (~12.1 kDa). The size of the newly identified species fits well with that expected (89 amino acid) for the larger (SinR-like) of the two proteolytic fragments that would be generated from cleavage of SlrR at the putative 87 VQAG 90 cleavage site. Consistent with the idea that the 10 kDa species was derived from SlrR, the cross-reacting species was absent when the protein lysate was prepared from a mutant lacking both the sinR and slrR genes ( Fig. 4A) . As a further test of the idea that the 10 kDa species was a fragment of SlrR, we created a mutant of slrR in which the codons for Ala 89 and Gly 90 in the predicted cleavage site were converted to valine codons. The results show that the 10 kDa species was absent in the double missense mutant (Fig. 4B ).
Next, we investigated the extent to which autocleavage contributes to the loss of the SlrR protein. To do this, we grew cells that produced either wild-type SlrR or the mutant SlrR (AG 90 →VV 90 ) in shaking culture and added chloramphenicol to block protein synthesis as described previously. We observed that the half-life of the mutant SlrR was approximately twice that of the wild-type protein ( Fig. 4C ). We conclude that autocleavage contributes to, but does not fully account for, the instability of SlrR. Cleavage of other LexA-type family members is typically stimulated by a cellular signal (Oppenheim et al., 2005) . We do not know whether SlrR autocleavage is similarly subject to a cellular signal or occurs constitutively.
Because the larger cleavage product of SlrR corresponds to the SinR-like domain, we wondered whether the N-terminal fragment might have regulatory activity. To investigate this possibility, we constructed a truncated version of slrR that contained the coding sequence extending from the 5′ end to the codon for Ala 89 . We found that: (1) the truncated slrR gene could not complement a deletion mutation of slrR (ΔslrR); and (2) when the truncated gene was inserted into the chromosome at amyE and expressed from its own promoter in an otherwise wild-type (slrR + ) strain, it did not interfere with matrix production or cell chaining; that is, it did not act as a dominant-negative mutant (Fig. S3 ). We conclude that the cleavage inactivates SlrR and that the N-terminal cleavage product exhibits no measurable activity.
An autocleavage mutant of SlrR exhibits enhanced persistence of chaining and more robust biofilm architecture
If SlrR instability mediates the reversal of the SinR SlrR switch, then the greater stability of the autocleavage mutant might cause enhanced chaining and might influence biofilm architecture. To investigate the effect of the SlrR autocleavage mutant on chaining, we constructed strains in which the native slrR gene was deleted (ΔslrR) and replaced by a copy of either wild-type slrR or the autocleavage mutant slrR gene that had been inserted into the chromosome at the thrC locus. We also introduced into the strains an IPTG-inducible copy of either wild type or mutant slrR (P hy -slrR WT or P hy -slrR MUT ) at the amyE locus. We previously have shown that by adding inducer to cells harboring this construct, we were able to drive the SinR SlrR switch into the SlrR HIGH state and drive almost all of the cells into chains (Chai et al., 2010) . Furthermore, because of the hysteresis of the embedded doublenegative feedback loop, the switch remained "ON" for an extended period of time even after the inducer was removed.
Using the strains described above, we determined the effect of treating the cells with inducer and then washing the cells to remove inducer in shaking culture in LB medium. The results show that shortly after the addition of the inducer, both strains started to show elevated levels of cell chaining (compare panels A to panels B and C in Fig. 5 ), which reached a peak by 2 hours after the wash (panel D in Fig. 5 ). The cells remained substantially as chains for as long as 4 hours after the wash. But by 5 hours cells with the wild type slrR construct had a conspicuous proportion of single cells and by 6 hours the cells had reverted to the chaining state they were in prior to inducer treatment (upper panels in Fig. 5G, 5H; Fig. 5I ). In contrast, cells with the mutant slrR maintained elevated levels of chaining even at 6 hours after removal of the inducer (lower panels in Fig. 5H and Fig. 5J ).
We also carried out the same experiment using the wild type slrR construct (P hy -slrR WT ) both in cells that had wild type slrR and in cells that had the autocleavage mutant gene. Again, chaining was found to persist longer in cells with the mutant gene than the wild type gene (Fig. S4 ).
We also compared colony morphology and pellicle formation by cells producing either the wild-type or mutant SlrR proteins. As shown in Figs. 5K-L, the surface architecture of a colony of cells producing mutant SlrR (Fig. 5L ) was more robust than that of a colony of cells producing the wild-type SlrR (Fig. 5K) . Similar results were observed for the robustness of pellicle formation (Figs. 5M-N).
We wondered whether more robust biofilm features in cells producing mutant SlrR correlated with higher expression of matrix genes. We therefore introduced a P yqxM -lacZ fusion into the amyE locus on the chromosome of the above strains. We measured the activities of cells bearing the fusion under three conditions: in shaking culture, in pellicles, and in colonies. Under all three conditions, cells that produced the mutant SlrR showed higher activities of P yqxM -lacZ than did cells expressing the wild type SlrR (Fig. S5 ). We conclude that the greater stability of the autocleavage mutant enhanced the persistence of chaining, the expression of matrix genes, and the robustness of biofilm architecture.
ClpCP contributes to SlrR instability
As we have indicated, autocleavage contributes to, but does not entirely account for, the instability of SlrR. We surmised that one or more additional proteolytic systems contribute to the degradation of SlrR. An appealing candidate is the ClpCP protease because a clpC null mutant was observed to chain more extensively during exponential phase growth in LB shaking culture than the wild type ( Fig. S6A ). It also formed structurally more complex colonies ( Fig. S6A ) and longer-lasting pellicles than did the wild type ( Fig. S6B ). We therefore conducted immunoblot assays to compare the abundance of SlrR from pellicles formed by the wild type and ΔclpC mutant cells at different stages of biofilm life cycle. As shown in Fig. S6C , whereas SlrR was substantially depleted from wild type pellicles at four days, SlrR remained abundant for as long as five days in the mutant (Fig. S6C ). We do not know if SlrR is a substrate for ClpCP or whether its stability is indirectly dependent on the protease. We also do not know if ClpCP (or conceivably ClpC alone) influences chaining and biofilm formation by acting on multiple targets in addition to SlrR. Nonetheless, the simplest interpretation of these results is that SlrR is directly or indirectly subject to degradation by ClpCP and that ClpCP-dependent degradation contributes to the reversal of the SlrR switch.
Cell chaining promotes sporulation and the formation of fruiting body-like structures
Finally, we addressed the question of the role of cell chaining in biofilm formation. To do so, we created a strain that harbors an IPTG-inducible copy of the autolysin gene lytC (P hy -lytC). Chaining occurs by SinR SlrR-mediated repression of lytC and other autolysin genes (Chai et al., 2010) , and overexpression of autolysin genes during exponential phase growth in shaking culture is known to prevent chaining (Chen et al., 2009) . We therefore anticipated that overproduction of LytC would similarly impair cell chaining during biofilm formation, allowing us to investigate the role of chaining in the context of the multicellular community. Indeed, as expected, addition of IPTG to induce lytC in an otherwise wild-type strain harboring P hy -lytC severely impaired the ability of cells to form long, parallel chains during biofilm formation ( Figs. 6E and 6F ). Furthermore, as shown in Figs. 6A-D, cells that overproduced LytC formed colonies and pellicles that were flatter and less structurally complex than did uninduced cells. These results demonstrate that chaining is important for biofilm architecture.
Wild-type biofilms have aerial structures that are preferential sites of spore formation (Branda et al., 2001 . These fruiting body-like structures were visualized using a high resolution camera. As shown in Figs. 6G-H, such aerial projections could be seen in biofilms formed in the absence of IPTG but to a much lesser extent when formed in the presence of inducer. We also used scanning electron microscopy to investigate the effect of LytC production on the arrangement of cells in the biofilm. Whereas biofilms formed in the absence of inducer consisted of bent bundles of parallel chains of cells, such structures were absent in biofilms formed in the presence of inducer (Figs. 6I-J).
Aerial projections are thought to be the preferential sites for spore formation early in the life cycle of a biofilm (Branda et al., 2001) . Because chaining was required for the formation of aerial structures, we wondered whether spore formation would be impaired in biofilms formed by LytC-producing cells. In the absence of IPTG, about 9% of the live cells had formed spores (heat-resistant colony forming units) by day 3. In contrast, at 1 μM IPTG spore formation was 1% by day 3 and at 10 μM IPTG it was further deceased to only 0.1 % (Fig. 6K ). Upon incubation for 6 days however, spore formation in the presence of IPTG reached similar levels to those seen in the absence of inducer (data not shown). Thus, the absence of chaining delayed spore formation but did not impose a long-term block. As a control, P hy -lytC-containing cells grown in sporulation medium (Difco Sporulation medium) in shaking culture formed spores with high efficiency in the presence or absence of IPTG (Fig. 6L ).
Discussion
In earlier work we showed that SinR and SlrR are nodes in a self-reinforcing switch that exists in alternative SlrR HIGH and SlrR LOW states (Chai et al., 2010) . The SlrR HIGH state locks chaining "ON" during growth and locks both chaining and matrix production "ON" during biofilm formation. The SinR SlrR switch must be reversible, however, since chains are able to switch back to being individual motile cells during growth and because biofilms are capable of disassembling back to planktonic cells. Here we have addressed the question of how cells in the SlrR HIGH state revert to the SlrR LOW state. Our results are consistent with a model in which SlrR is proteolytically unstable and that the transition to the SlrR LOW state is mediated by depletion of SlrR.
The instability of SlrR can be apparently be attributed in part to autocleavage. SlrR is related to the LexA family of self-inactivating repressors in that its DNA-binding domain is strongly similar to that of SinR, whose three-dimensional structure, in turn, is strikingly similar to that of the phage lambda C I repressor (Lewis et al., 1998) . C I and other LexAfamily members share a conserved motif ( 87 VNAG 90 ) that is the site of self-cleavage (Butala et al., 2009) . SlrR likewise undergoes cleavage at or near this site in a manner that depends on the conserved motif. However, proof that SlrR is an autoprotease will have to await a demonstration that the purified protein undergoes self-cleavage. Autocleavage by C I and LexA in E. coli is stimulated by the RecA protein in a complex with single-stranded DNA (Little, 1984) . Conceivably, autocleavage of SlrR is similarly stimulated by RecA, but because a recA mutation severely impairs biofilm formation (unpublished results), its contribution to SlrR autocleavage could not be assessed. The instability of SlrR is only partly due to autocleavage as evidenced by the fact that inactivation of the SlrR autocleavage motif by amino acid substitution only partially protected the protein from proteolysis. Nonetheless, autocleavage contributed significantly to reversal of the SinR SlrR switch in that cells producing the mutant SlrR protein exhibited a hyper-wrinkly phenotype during biofilm formation and chaining persisted longer in growing cells that had been artificially driven into the SlrR HIGH state.
ClpC also contributed to the instability of SlrR. A clpC mutant showed more extensive chaining during exponential phase growth and formed pellicles that persisted, and maintained high levels of SlrR, longer than did those of the wild type. However, we do not exclude the possibility that ClpC has multiple targets in biofilm formation and chaining, and we do not know whether SlrR is a direct substrate for ClpCP.
The level of SlrR can be expected to be a composite consequence of the relative rates of SlrR synthesis and degradation. These considerations suggest a simple model for the switch back to the SlrR LOW state late in the biofilm life cycle. We hypothesize that early in biofilm formation the rate of synthesis of SlrR exceeds the rate of degradation, resulting in the rapid accumulation of the protein. However, late in the life cycle of the biofilm, when overall rates of macromolecular synthesis are decreasing due to diminished nutrients, loss of SlrR might be more rapid than synthesis. Under such circumstances, synthesis would not be able to replenish the supply of SlrR, resulting in a decrease in SlrR levels. Because of the bistable nature of the switch, a decrease in SlrR levels below a threshold level might reverse the switch and re-establish SinR-mediated repression of the slrR gene. Alternatively, or additionally, autocleavage might be stimulated late in the life cycle of the biofilm by a stress signal in analogy to the effect of DNA damage in stimulating LexA and C I autocleavage (Kim & Little, 1993) .
The instability of SlrR also helps explain how the switch reverses during exponential phase growth to control cell chaining. Our working model is that the double-negative feedback loop acts as a noise-driven switch in growing cells (Dubnau & Losick, 2006) . For example, the switch to the SlrR HIGH state could be driven by a stochastic burst in the expression of sinI. If sinI flickers ON and OFF, then a transient drop in SinI levels (e.g., from low expression of the gene and dilution of the protein from cell growth) coupled with depletion of SlrR due to proteolysis, could reverse the switch and re-establish the SlrR LOW state. Earlier work showed that the switch is biased by the levels of σ D , which directs transcription of the autolysin genes that are negatively controlled by the SinR-SlrR complex. Reinforcing this view, recent work has shown that the switch is biased by the position, and as a consequence the level of transcription, of the gene for σ D within the very long, fla/che operon (Cozy & Kearns, 2010) . We favor the view that σ D and SinR-SlrR are in competition with each other for the control of target genes, but that bistability is partly, if not exclusively, governed by the SinR-SlrR double-negative loop.
We also addressed the role of cell chaining in biofilm formation. We found that mildly overproducing the autolysin LytC severely inhibited chaining during biofilm formation. As a consequence, the biofilms were less structured and exhibited fewer aerial structures. These aerial structures are preferential sites for spore formation early in the life cycle of the biofilm, though spore formation eventually spreads throughout the biofilm. Consistent with the above observations and in keeping with the idea that the aerial structures are fruiting body-like structures, we found that the absence of chaining markedly impaired spore formation early in the biofilm life cycle. In previous work we found that the timing of spore formation is also dependent on matrix production and that this dependence can be bypassed with a mutation in the kinase gene kinD , Aguilar et al., 2007 . KinD evidently serves as a checkpoint linking spore formation to matrix production in the context of the biofilm . It was hypothesized that KinD senses the presence of the matrix; in the absence of matrix KinD functions as a phosphatase that dephosphorylates Spo0A~P. Our present results show that the timing of spore formation is also dependent on chaining, but by a mechanism that does not involve KinD because the dependence on chaining was not relieved by a kinD mutation (unpublished results). In toto, we conclude spore formation is linked to at least two features of the biofilm: the matrix, which binds cells together laterally, and chaining, which binds cells together longitudinally.
Finally, and building on our recent discovery that D-amino acids trigger biofilm disassembly (Kolodkin-Gal et al., 2010) , we propose the following overview of the life cycle of a biofilm. The formation of the biofilm commences with the synthesis of SinI in response to various environmental cues. SinI, in turn, by binding to and inhibiting SinR, sets in motion a cascade of gene regulatory events. At the heart of this cascade is a self-reinforcing genetic switch involving SinR and SlrR, which locks the expression of matrix genes ON and represses the expression of cell separation genes. What dictates exit from the biofilm state?
We propose that disassembly of the biofilm is governed by two parallel pathways. On the one hand, the loss of SlrR and the switch back to the SlrR LOW state down regulates further matrix production and restores cell separation. On the other hand, the production of Dtyrosine, D-leucine, D-tryptophan, and D-methionine late in the life cycle triggers the release of the TasA fibers that hold cells together in the biofilm (Kolodkin-Gal et al., 2010) . Thus, the production of D-amino acids allows cells in the biofilm to separate from each other and disperse whereas the loss of SlrR allows cells to revert to a planktonic state of individual swimming cells.
Experimental Procedures
Strain, media, and reagents
For general purposes, Bacillus subtilis strains PY79, 3610, and their derivatives were grown in Luria-Bertani (LB) medium (10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter broth) at 37°C. For assays of biofilm formation, MSgg medium was used. The recipe for MSgg medium was described previously (Branda et al., 2001) . Difco sporulation (DS) medium was used for assays of sporulation under shaking culture conditions. Escherichia coli strain DH5α was used for molecular cloning. A list of strains, plasmids, and oligonucleotides used in this work are summarized in Table 1 . Antibiotics were added to the media at the following concentrations for B. subtilis strains: 10 μg ml −1 of tetracycline, 100 μg ml −1 of specinomycin, 10 μg ml −1 of kanamycin, 5 μg ml −1 of chloramphenicol, and 1 μg ml −1 of erythromycin.
Strain construction
General methods for molecular cloning followed published protocols (Sambrook & Russell, 2001) . SPP1 phage-mediated transduction was used to transfer antibiotic-marked DNA fragments among different strains (Yasbin & Young, 1974) . Long-flanking PCR mutagenesis was used to generate insertional deletion mutations (Wach, 1996) .
For construction of YC246, the regulatory region and the coding sequence of the slrR gene were amplified by PCR using primers slrR-F1 and slrR-R1. The PCR product was purified and cloned into the EcoRI and HindIII sites of pDG1662, a plasmid for integration into the chromosome at amyE (Guérout-Fleury et al., 1996) . The resulting plasmid pYC157 was first introduced into PY79 by transformation (Gryczan et al., 1978) . Transformants were selected for integration of P slrR -slrR to the amyE locus in the chromosome of PY79 by double crossover recombination. The DNA fragment bearing P slrR -slrR was then introduced into YC131 (Chai et al., 2009 ), a 3610 derivative that is mutant for slrR, by transduction, resulting in strain YC246. Strain YC247 was constructed similarly except that amino acid substitutions at both Ala 89 and Gly 90 positions (to Vla) were introduced into slrR in the plasmid pYC157 by site-directed mutagenesis using Quick-Change II XL kit (Agilent Technology). Strains YC254 and YC255 were derived from YC246 and YC247, respectively, by further introducing sinR into the above strains.
To construct strains YC672 and YC673, the DNA fragment bearing P slrR -slrR was cut from pYC157 and cloned into the same restriction sites (EcoRI and HindIII) of pDG1664, an integration vector for the thrC locus on the chromosome (Guérout-Fleury et al., 1996) . The recombinant plasmid (named pYC158) was introduced into PY79 by transformation. Transformants were selected for integration of P slrR -slrR to the thrC locus in the chromosome of PY79 by double crossover recombination. The DNA fragment containing P slrR -slrR was then introduced into RL4553, a 3610 derivative that is mutant for slrR. The IPTG-inducible slrR was constructed by PCR amplification using primers slrR-F3 and slrR-R3. The PCR products were cloned into the HindIII and NheI sites of pDR111 (Ben-Yehuda et al., 2003) . The recombinant plasmid was introduced into PY79 first and the fusion containing IPTG-inducible slrR was then introduced into the above strain by double crossover recombination, resulting in strain YC672. Strain YC673 was similarly constructed except for the amino acid substitutions at both Ala 89 and Gly 90 positions in slrR introduced by using the method described above.
For construction of YC556, the coding sequence of the lytC gene was amplified by PCR using primers lytC-F2 and lytC-R2. The PCR product was purified and cloned into the NheI and SalI sites of the plasmid pDP111 (Ellermeier & Losick, 2006) , which contains an IPTGinducible hyperspank promoter and the lacI gene. The resulting plasmid pYC179 was introduced into PY79 by transformation. Transformants were selected for integration of P hy -lytC to the amyE locus in the chromosome of PY79 by double crossover recombination. The DNA fragment containing P hy -lytC was then introduced into 3610, generating YC556.
Assays for pellicle and colony formation
B. subtilis cells were grown in LB broth at 37°C to mid-exponential phase. For colony formation, 2-μl of the cells was spotted onto the MSgg medium solidified with 1.5% agar. Plates were incubated at 23°C for 3-4 days before analysis. For pellicle formation, 9-μl of the cells was mixed with 9-ml of MSgg broth in 6-well plates (VWR). Plates were incubated at 23°C for 2-3 days. All images were taken using either a Nikon CoolPix 950 digital camera or using a SPOT camera (Diagnostic Instruments, USA).
Microscopic analysis
For observation of cell chaining during pellicle formation, cells were collected from pellicleforming wells at various times during the course of the experiment and were washed twice with cold PBS buffer. Cells were suspended in 50 μl of cold PBS buffer. 3-μl of suspended cells was dropped to the center of an agar-coated microscopy slide. Cover slides were pretreated with poly-L-lysine (Sigma). Samples were analyzed using phase contrast microscopy on an Olympus workstation BX61. Images were taken using an automated software program SimplePCI and analyzed with program MetaMorph (Universal Imaging Corporation).
Analysis of chaining in shaking cultures
For assays of chaining under shaking culture conditions, YC672 and YC673 cells were grown to mid-exponential growth phase in LB medium at 37°C. 100μM IPTG was added to the cultures to induce the expression of slrR from the hyper-spank promoter and cells were allowed to continue to grow with shaking for 60 more min. Cells were then washed to remove IPTG and samples were withdrawn and diluted four-fold into fresh LB medium at hourly intervals. Samples taken at various time points were treated and analyzed by phasecontrast microscopy as described above.
Assays for β-galactosidase activity
Assays for β-galactosidase activity followed a protocol described previously (Chai et al., 2009 ).
Assays of spore formation
For assays of spore formation in the context of biofilm, cells were first allowed to form a colony on MSgg medium as described above. Cells in the whole colony were then collected and washed with PBS buffer twice. Cells were briefly treated with sonication, serial-diluted in T-base solution, and subject to heat kill at 80°C for 20 min. Colony forming unit (c.f.u.) was counted before and after heat kill by plating on LB agar medium. Sporulation was calculated as c.f.u. after heat kill divided by that before heat kill.
Immunoblot analysis
To prepare cleared protein lysate from B. subtilis, cells grown under specified conditions were harvested and washed with cold phosphate buffer (20 mM sodium phosphate, 200 mM NaCl, 10% glycerol, 1 mM PMSF, pH 7.4). Cell pellets were suspended in cold phosphate buffer supplemented with 500 μg ml −1 of freshly made lysozyme solution and incubated on ice for 30 min. Cells were further disrupted using sonication on ice. Cell lysate was centrifuged at 5000 rpm for 5 min to remove cell debris and were further centrifuged at 14,000 rpm for 30 min at 4°C. Immuno-detection of SinR and SlrR proteins was performed following a protocol published previously (Chai et al., 2009) . For measurement of protein stability, cells were similarly grown under specified conditions, 50 μg ml −1 of chloramphenicol was added to the cultures to block protein synthesis. 10-ml of the cultures was taken every 30 min after addition of chloramphenicol. Protein lysate was prepared similarly and immuno-detection of SinR and SlrR proteins was performed similarly as described previously.
Scanning electron microscopy (SEM)
Cells were allowed to form colonies on MSgg medium as described above. The whole colony was then carefully cut off with attachment to the agar medium and fixed in a solution containing 4% paraformaldehyde, 2.5% gluteraldehyde, and 87 mM sodium cacodylate (pH 7.4), at 25°C for 2 h. After three 15 min washes with 174 mM sodium cacodylate (pH 7.4) and dehydration through a graded series of ethanol (from 20% to 100%), the samples were infiltrated with hexamethyldisilazane (HMDS), through one incubation at 50% HMDS at 25°C for 30 min. The colony sample was mounted on pins, dried under vacuum overnight, sputter-coated with gold-palladium alloy, and examined by SEM.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A) Detection by western immunoblots of SlrR and SinR in protein lysates prepared from wild type (RL3852), ΔslrR (YC131), ΔsinR (RL3856) and ΔsinR ΔslrR double mutant (YC215). In some strains, ΔepsH was also introduced into to prevent cell aggregation during growth. A protoelytic fragment derived from SlrR (pointed by arrow and asterisk) was present in protein lysate prepared from the strain (ΔsinR, RL3856) that overproduced SlrR, but not from the strain (ΔsinR ΔslrR, YC215) in which both sinR and slrR were deleted. (B) The above proteolytic fragment was also absent in protein lysate prepared from the strain (YC255) that overproduced the mutant SlrR protein, but not the wild type SlrR (YC254). (C) The mutant SlrR protein is more stable than the wild type protein. Cells expressing either the wild type (YC246) or the mutant allele of slrR (YC247) were grown in MSgg medium and were treated with chloramphenicol to block protein synthesis. Accumulation of wild type and mutant SlrR proteins as well as SinR (as a control) at various times after treatment was examined by immunoblot analysis. Figure 5 . An autocleavage mutant of SlrR exhibits enhanced cell chaining and more robust biofilms (A-H) Cells bearing the wild-type slrR gene and an IPTG-inducible copy of the wild type gene (YC672) or bearing the autocleavage mutant allele of slrR and an IPTG-inducible copy of the mutant gene (YC673) were grown in LB medium to mid-exponential growth phase and treated with 100 μM IPTG. After 60 min, IPTG was removed by washing the cells and cultures were taken every hour after wash. Chaining was examined by phase-contrast microscopy. Scale bar, 2 μM. (I-J) A quantitative analysis of single versus chained cells in the population from results in Figs. 5A-H. Results from cells expressing SlrR wt (YC672) were shown in Fig. 5I whereas results from cells expressing SlrR mut (YC673) were shown in Fig. 5J. (K-N) Cells expressing mutant SlrR form pellicles and colonies with more robust surface architectures (L and N, strain YC247) than those formed by cells expressing wildtype SlrR (K and M, strain YC246).
